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Onucanue pacyerHnoit moaenu kona KATPAH1

ABapuu, CBS3aHHbIE CO 3HAYUTEIbHBIM CHUKEHHEM PacxXo/a WM BCIIECKOM MOIIHOCTH,
B UTOre NpUBOJAT K HarpeBy TpyO TK Bblmie TemmnepaTypbl Hadaja BSI3KOIUIACTHYECKOTO
neOpMHUPOBaHUST TIPU HAIWYHH CYIIECTBEHHOTO Tepernana AaBlCHHUs Ha TpyOax KaHAJIOB.
AHanu3 TakMX aBapuil TpeAnosiaraeT JIMHAMMYECKHH pacdeT BBICOKOTEMIIEpaTypHOM
neGopManny 1 pa3pylieHus] KaHAJbHBIX TPYO B IpezesiaX akTUBHON 30HBI.

Pacuernbiit ananu3 mnoBeneHuss TpyO TK mnpu aBapuilHOM HarpeBe BBINOJHSETCS C
ucrosb3oBanueM Tepmomexanuueckoro koga KATPAHI, mpegnHaznaueHHoro najsi pacuera
BBICOKOTEMIIEPATYpPHOH JedopManuu U pazpyuieHus TpyO TomnuBHbIX kaHaioB PBMK [1].
KATPAH1 pemaer ocecHMMETpUUYHYIO 3ajady BSI3KOIJIACTMUYECKOTO JehopMHpOBaAHUS
KaHaJIbHOW TpyObl, HArpy>KEHHOW BHYTPEHHUM [aBJIIEHUEM B YCJIOBHUSAX OJHOPOIHOIO IMOJIs
temneparyp. Pacuer ckopoct nedopmManMM KaHAIBHBIX TpPyO OCYIIECTBIISETCS C
UCTIOJIb30BAaHUEM  HKCIEPUMEHTAIbHO OOOCHOBAaHHBIX 3aBUCHUMOCTEH JJs  CKOPOCTH
BBICOKOTEMIIEPATYPHOH mo3ydecTy cruiaBa Zr+2,5%Nb.

B o0mem Buae 3aBUCUMOCTU ISl CKOPOCTH OKpYKHOW JedopMalliu MpencTaBICHbI B
KOJIe B JIByX TEMIIEPATypHBIX IUana3oHax B BUAC (YHKIMI OKPYKHOTO HAMPSHKCHUS M
TEMIIEpaTypbl C IEPEMEHHBIMHU 3HAYEHUSIMU SHEPTHH AKTUBALIUU TTON3YUYECTH:

IS TeMIiepaTypHoro auanasona 450-850 °C:
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IS TeMIepatypHoro auanasona 850-1200 °C:
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rae:  op- OKpykHoe HampspkeHue (MIla);
T,, - remnepatypa Tpyos! TK (K);
O/R - npuBeIeHHBIC 3HAUYCHHS YPHEPTHH aKTHBAIMK Nporecca nomydectu (K),
(R - yHUBepcalbHas Ta30Bast IOCTOSTHHAS ),
7; - Bpems, ipu kotopom T,,=700 °C, 7, - Bpems, ipu koropom 71,,=850 °C,
T - BpeMsl OT HayaJa mporecca.

[To mepe pa3myTust TpyOBI IO/ IEHCTBHEM JaBIICHHS TEIUIOHOCUTENST BBIOMPAIOTCS 3a30PBI
B cucteme Tpyda TK - rpaduroBsie komnbia - rpaduroBsie Onoku. [locrme oOpazoBaHus



IJIOTHOTO KOHTAaKTa MEXIy TpyOood M rpaduToM dYacTh OJOKOB TpaUTOBOM KOJOHHBI
OKa3bIBACTCSI HArpy>KEHHON BHYTPEHHUM JIaBJICHHUEM TEIUIOHOCUTENS 32 BBIYETOM PEAKIIUU
TpyObl. [10 JOCTHKEHNHM KPUTHUYECKOTO AABJICHHS Ha BHYTPEHHEH MOBEPXHOCTU OAHOTO WM
HECKOJIbKUX OJIOKOB TMPOUCXOAUT OOpa3oBaHUE TPEIIMHBI WIM TPEUIMH B Hauboiee
Harpy>KeHHbIX ceueHMsX. JlanbHellnee pacnpocTpaHeHHE TPEIUMH M0 Telay OJIOKOB
NPOMCXOOUT TOJ AelicTBueM pasznyBaromeiics Tpyosl TK. CkopocTh pacmpocTpaHeHus
TPEUIMH OIpeJeNseTcss IUHAMHUKOM TeMIepaTypsl M HalpsKeHHO-Ie(POPMHPOBAHHOTO
COCTOSIHUSI KaHAIBHOM TpYyOBI U OJIOKOB, a Takxke cBoWcTBamu rpadura. [lonHoe pazpyuienue
rpaduTOBBIX OJIOKOB TMPOM3OHACT TPH PACHPOCTPAaHEHUH TPENIMH Ha BCIO TIIyOHUHY
HOTMEPEYHOTO CEUEHHUS.

Anroput™m pacuera mporecca 00pa3oBaHUS U PACTIPOCTPAHEHHS TPEIIWH B rpadUTOBBIX
omokax amapuiiHoro TK, peanmzoBanubiii B kome KATPAHI, Bkmiowaer B ceOs OIEHKY
BO3HUKHOBEHUS TPEIIMHBI HA BHYTPEHHEW NOBEPXHOCTH OJIOKOB M0 MPEAEILHOMY J1aBJICHUIO
U pacyeT 3BOJIIOLIUY MTOBEPXHOCTHOM TPEIMHBI B 3KBUBAJIEHTHOM TOJICTOCTEHHOM LIWJIMHJPE.

Bripaxkenue st MuHUManbHOTO AaBienns B TK, mpuBojsmiero o0pa3oBaHUIO TPEIIUHBI
Ha BHYTPEHHEH MOBEPXHOCTHU IpaUTOBBIX OJOKOB C Y4ETOM JEHCTBYIOIIMX TEPMHUYECKHX
HANPSDKEHUH, BBIVIAIUT CIAEAYIOMUM 00pa3oMm:
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rne  ATs- mepenaj TeMIieparypsl o TOJIKHE rpaduToBOro OJI0Ka,
Ar6=rg V6,5 TOJMIINHA TpaUTOBOrO 0JI0KA (ANIPOKCUMHUPYIOIIEr0 HUIHHIPA),
o- KO3 PUIMEHT TeMIIEpaTypHOTO pacIIupeHus 0J109HOTO TpaduTa,
Erp- MoIynb ynpyroctu 61104HOro rpadura,
- koapduruent [lyaccona Girounoro rpadura,
p - nasnenue B TK,
7r5- BHYTpeHHUH panuyc TpyOs! TK,
7r.q- HAPYXHBIN paguyc TpyOs TK,
765~ BHYTPEHHUI pannyc rpaduToBOrO 0JIOKA,
76,4~ HAPY>KHBIN paguyc rpaguTroBoro 6oka,
voRI/R
R” n R - COOTBETCTBEHHO MpeAEN IPOUYHOCTH IpaduTa Ha pacTKEHUE U CXKATHUE.

PacyeTsl moka3bpIBalOT, YTO MUHHMMAaJbHOE 3HaueHWe pAaBieHus B TK, mpuBopgsumiee k
00pa30BaHMIO TPEIIMH B OJOKaX ¢ YUYETOM TeMIIEPaTyPHBIX HANPSHKEHUH, COOTBETCTBYET IS
YIPOYHEHHOTO Ipu 00maydeHun rpadura p.,=4,8 Mlla, i HeynpoyHeHHOro rpadura B
COCTOSTHMH TIOCTaBKHU prp=3,6 MIla.

AJroput™M pacuera HBOJIOUMM [OBEPXHOCTHOM TpemMHbl B TpaduTOBOM OJIOKE
0asupyeTcs Ha pacuere kKoddduimeHTa wHTeHCHBHOCTH Hampspkenuid (KMH) B Bepmmae
TPEIIMHBl NPHU 3aJaHHOM cXxeMe HarpykeHus. Ha KaxaoM pacueTHOM BpPEMEHHOM Ilare
npou3BoauTCsS pacuer Tekymiero 3HaueHus KUWH mno HopmaruBHOW dopmyne s
HUIUHAPUYECKUX 3JIEMEHTOB, HArpy>KCHHbIX BHYTPEHHUM JABJICHUEM WU TEMIEPATYPHBIMHU
BO3JICUCTBUSMU:
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rae  1- Ko3QOUIMEHT, yYUTHIBAIOIINI BIUSHAEC KOHIICHTPAIIMU HATIPSKCHUIA,
O, COCTABIISIOIIAst HAPSDKEHUH PACTSIKCHNUS;
04~ COCTaBIISIOIIAS U3TUOHBIX HANPSKSHHH;
M,=1+0,12(1-a/c);
M,~=1-0,64a/h;
a- TIyOMHA TPEIINHEI,
C- TIOJTyJUTHHA TPEIIUHBL;
h- IIMHA 30HBI ICHCTBUS MOJOKHUTEILHBIX U3TNOHBIX HATIPSIKCHHIA;

0 =1+4,6(a/2c) .

Tekymee 3HaueHUe K CpaBHUBAETCS C BSI3KOCTHIO paspyiieHus: Kj. 61ouHoro rpadwura.
IIpu npesbllieHUN 3HaYyeHUEM K| KPUTUYECKOrO 3Ha4eHUs Kj. paCCYUTBIBACTCS IPUPALLICHUE
IyOMHBI TPEIIMHBI Ha 33JJaHHOM BPEMEHHOM IIare Mpu CKOPOCTH COBMECTHOM JedopManuu
TpyObl U rpaduToBbIX O010KOB. CKOpOCTH COBMECTHOM aedopMaiyiy OIpenesnsercss Mo
ypaBHeHussM ((1)-(2)) mnst TpyObl, Harpy>KeHHOW BHYTPEHHHM JIaBJICHHEM 32 BBIUETOM
peakiuu OnokoB. PaspymieHue OJOKOB MOCTYJNHPYeTCSl TpPU MPOHHUKHOBEHUH JIBYX
JTUaMeTpaIbHO MPOTUBOMOJIOKHBIX TPEIIUH Ha 3aJaHHYIO TTyOuHY.

[Tocne paspymieHust rpadUTOBBIX OJIOKOB PACCUMTHIBACTCS JalbHEHmas aedopmanus
TpyObl 10 paspbiBa. OLEHKa LETOCTHOCTH TPYO TOIUIMBHBIX KAaHAJIOB OCYILECTBIIETCS C
UCTIOJIb30BAaHUEM UYETHIPEX BBICOKOTEMIEpPATYPHBIX TUHAMUYECKHX KPHUTEPHEB pa3pyLICHUS:
TEeMIIepaTypHOTo, Je(POPMALMOHHOT0, CHJIOBOIO M SHEPreTUYECKOro, MOJYyUYEHHBIX IS JABYX
JMana3oHoB ckopoctu Harpesa TpyOsr TK ur[2].

TemmnepaTypHBIi KpUTEPHIA pa3pyIICHUS IPEICTABISIET COOOM 3aBUCUMOCTh TEMIIEpaTyPhl
paspsiBa Tpyost TK T, (°C) ot BHyTpenHero nasienus p (MIla):
ur<1 K/c: T, Wp=796,4-p'0’0988;
ur>1XK/c:  T,,=979,4.p""%
JlebopmMaimoHHBI ~ KpUTEPUH  paspylICHHs] TMPEIACTaBIseT COOOW  3aBUCHMOCTH
UHTEHCUBHOCTH Pa3pbIBHBIX AehopMaLuil &, (OTHOCUT. €UH.) OT nmapaMeTpa Ky,; (JIx/kr):
ur <1 K/c: £p=-06,0407 + 0,41194-InK,;
ur>1K/c:  £,=-0,4419 + 1,5164-107-K;; - 5,8036-107°-K,,,/”.
KomrmuiekcHblli TepMoMexaHnueckuii mapamerp Ky,; CBSI3bIBAaeT Temmeparypy TpyOs! 7,
TEIJIOEMKOCTh MaTE€PHAIIA Cy,, THTEHCUBHOCTb HAINPSKEHUN O; U JABJICHUE P:
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CunoBoii KpuTepuid pa3pylIeHHs] MPEACTaBIseT cO00M 3aBUCUMOCTh WHTEHCHUBHOCTHU
pa3pbIBHBIX HanpsbkeHul oy, (MIla) or napamerpa Kiy,»:
-0,7985
ur<1 K/c: 0p=25105-K;2 "5
-0,7503
ur>1Kl/c: O_jp=23953'Ktm2 .
be3pa3sMepHblii  KOMIUIEKCHBI ~ TEpMOMEXaHUYECKMA mapameTp Ki,» CBS3bIBaeT
Temmneparypy TpyOsl 7, TEMIOEMKOCTb ¢, M IUIOTHOCTh p,, MarepHaia, WHTCHCHUBHOCTh
nedopManuii & v JaBICHHE p:
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DHEPreTUIYECKU KPUTEPHN pa3pyIIeHHs MPEACTaBIsSET COO00M 3aBUCHMOCTBH YIEIbHOMN
MOII[HOCTH Pa3pbiBHOM nepopmaiuu j; (B1/kr) ot Temmeparypst tpy6sr TK 7,, (°C) B aByx
TEMIEPATyPHBIX JUANa30HAX:

600 °C<T,<780 °C: j,= — 8,58388-10" + 797061-T,,— 3079,41-T,’ +6,336043-T,,° —
~7,322469-10°-T,,* + 4,506571-10°°-7,,° — 1,15385-107-T,% ;

780 °C<T,, <1050 °C: j;,= 9,00264-107 - 581258,59-T,, + 1561,12-T,,’ —2,23237-T,, +
+1,7925482-10°-T,,* - 7,6633326-107-T,,° + 1,362675-107°-7,,°.

(8)

3aBucuMocTh  ji(7Ty) MalO4yBCTBUTEIbHA K CKOPOCTH HAarpeBa, U 3HAYCHUS jjp,
MOJTyYEHHBIE JJI Pa3HbIX CKOPOCTEW HarpeBa, OMMCHIBAIOTCA OJHOUW Koppensuuen. Kpurepuii j;
onpeneNnsercss 4Yepe3 WHTCHCUBHOCTb HANpsOKEHUH O;, MHTEHCUBHOCTb CKOPOCTEH
nepopmanuii & M MIOTHOCTH P, MaTepuaia TpyObl M XapaKTepu3yeT YAEIbHYI0 paboTy
Jnegopmanuy, COBEpIIaEMyI0 BHYTPEHHUM JaBJICHUEM B €IMHUILY BPEMEHU!

. _Gi.éi
P

OpnnoBpemenHoe ucnosb3oBanue B kone KATPAHI dersipex kputepues paspyLicHMs,
OCHOBAHHBIX Ha PAa3JIMYHBIX (U3NYECKUX IMapaMeTpax TEMIEpaTypHOrO M HaNpPsHKEHHO-
J1e(OPMHUPOBAHHOTO COCTOSIHUM KaHaJbHOW TpYyOBl, MOBBIIIAET JOCTOBEPHOCTh PACUETHOM
OLICHKM M TOYHOCTb OIIpEJENICHUsl IapaMeTpoB paspeiBa. B cimywae paspeiBa TK
OTIpeNIeNIAI0TC MOMEHT pa3pyllIeHus, TeMuepaTypa u aedopmarus TpyOsl.

O6nacts npuMeHeHHs Koa: o Temneparype — 300-1000 °C; no pasnenuro — 0,5-8 MITa;
1o ckopoctu Harpesa — 10 50 K/c.

B kauecTBe MCXOMHBIX JaHHBIX JJIs pacdera Aeopmanuu U paspymenus Tpyd TK mpu
aBapuiiHoM Harpese 1o kony KATPAHI ncnons3yroTcs faHHBIE 10 TEMIIEPAType KaHAJIbHBIX
TpyO ¥ JaBJICHHUIO, MTOTyUYEHHBIE TIPU pacyeTe MapaMeTpoB KOHTYpa HUPKYJIISIHUA C TOMOIIBIO
Terutoruapasianueckoro koga RELAPS/mod3.2.

IlocTanoBKka 3aga4n

B pesynprate paspeiBa PI'K mpoucxoaur ucredeHue TEIUIOHOCHUTENS M3 KOHTYpa
LUPKYJISLUY, YTO NPUBOANT K CHWKEHUIO U NPEKPALICHUIO pacxoja B KaHalIax aBapUUHOIO
KOJUIEKTOpa M HAarpeBy KaHAJbHBIX TPyO BBIIIE TeMIEpaTyphbl Hayaja BS3KOIJIACTHYECKOTO
nedopmupoBanusa. Bmecte ¢ Tem, npu yactuuHbix paspbiBax PI'K aBapuiinblii HarpeB TpyO
TK Ha HayaJbHOW CTaJMM aBapuUM IPOUCXOAMUT NPHU COXPAHEHUH JOCTATOYHO BBICOKOTO
YPOBHS [JaBJICHMsS B KaHalax. B 3THX yCIIOBUSAX BO3MOJXKHA 3HA4YMTEJbHAs IUIACTUYECKAs
nedopmanusi KaHATBHBIX TPYO, YTO MOKET IPUBECTH K UX pa3pylleHuio B npenenax PIL.

PacdeTHbIM aHaIM30M TEIUIOTUAPABINYECKUX MPOIIECCOB MPU YaCTUYHBIX pa3pbiBax PI'K
YCTaHOBJIEHO, YTO HamOojee OMacHbIM ¢ TOYKH 3peHus HarpeBa TpyO TK sBisercs
kputndeckuii pazpeiB PI'’K ¢ 5KkBHBaneHTHON IJIONMIAAbI0 MPOXOJHOrO cedueHus 243 em?. C
nomotpio pacueta mapamerpoB KMIII[ mo komy RELAPS5/mod3.2 ompenenena nuHammuka
JaBlieHus B KaHanax aBapuiitHoro PI'K u temmeparypa kaHaabHBIX TPYO.

Ha Puc. 1 noka3aHo usmenenue cpeanero no juymHe TK naBiaeHus B KaHajgax aBapuilHOro
PI'K B mporecce ncreueHus: TEIUIOHOCUTENA U3 pa3pbiBa. HavaneHoe naBnenue ~7,5 Mlla
OBICTPO CIAaeT M MPUMEPHO uyepe3 4 MHUHYTHI cTaOuau3upyercss Ha ypoBHe ~3,7 MIla.
[TpubnusutensHo 4Yepe3 7 MHUHYT mocie paspeiBa PI'K Temn maaeHust naBieHUs CHOBa
BO3PaCTaeT, B pe3yJbTaTe Yero MNPOUCXOAUT HMHTEHCHBHBIM 3a0poc BJarM B KaHAJIbl U
KoJIe0aHue TEMIIEpaTypbl KAHAIBHBIX TPYO 0KkoJ10 3HayeHus 400 °C.



ABapuiiHblii cueHapuil ¢ 4YacTuyHbIM pa3peiBoM PI'K mnpeanomaraer, uyto Harpes
KaHaJIbHBIX TPyO OyJeT NPOMCXOAUTh TPU OCTATOYHOM YPOBHE HHEPrOBBIICICHUS B
YCIOBHUSIX HHU3KOTO M HecTaOwibHOro pacxona. JluHamuka TemrepaTypbl Tpyo Oyner
ONpEAENAThCS HauyaJbHOW MOIIHOCTBIO U PacXoJOM B AAaHHOM rpymnme kaHanoB. Ha Puc. 2
MOKa3aHO M3MEHEHHE MAaKCUMAJIbHON MO BBICOTE TEMIEPATyphbl TPYO MATH IPyNI KaHAJIOB C
HauOobIIeH MOITHOCTHIO. M3 rpadukoB ciemayeT, 4TO MakCUMallbHAs TeMIepaTypa TpyObl
627 °C npu cpenneM nasinenuu 3,74 MIla gocturaercs Ha 283-eii cexyHe B BEPXHEH yacTu
KaHaJla MaKCUMaJIbHOM MOIIHOCTU. B nanbHeiieM B pe3ynbTaTe 3a0poca Biard U3 HWKHEH
YacTH KaHaJIOB MPOUCXOAUT AOCTATOYHO pe3Koe CHIKeHue TemnepaTtypsl Tpyo TK.
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Puc. 1. NameHeHune cpegHero gasneHus no seicote TK npu yactuyHoM paspbise PIK
Fig. 1. Change in time of average pressure in Fuel Channel at DGH partial break
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Puc. 2. NameHeHne Temnepatypbl Tpyo TK pasHbIx rpynn MOLHOCTM MPU YaCcTUYHOM
paspbiBe PI'K
Fig. 2. Change in time of Pressure Tube (PT) temperature of different power groups at DGH
partial break



Pacuer nedopmauuu mnpoBoguTcs AN TpyO MATH TPYINI KaHAIOB, MaKCHUMallbHas
TeMneparypa Tpy6 KoTopsix npu aBapuu npesbimaer 500 °C (cm. Puc. 2), 4To nMpUBOIUT K
3aMETHOM BSI3KOTUIACTUYECKOU Nedopmaiiuu KaHTbHBIX TpyO. CKopocTh aedopManuu Tpyo
OUY€Hb YYBCTBHUTEIbHA K U3MEHEHUIO TEMIIEPATyphl, MOCKOJIbKY MEXIY dTUMHU MapaMeTpamMu
CYIIECTBYET IKCIIOHEHITMAIbHAs 3aBUCUMOCTD (cM. ypaBHeHus (1) - (2)). Ha Puc. 3 mokazano
W3MEHEHHE CKOPOCTH OTHOCUTEIBHON OKpYXHOU Jedopmanmu KaHaIbHBIX TPYO B Mpoliecce
aBapuitHOro HarpeBa, paccuutanHoe 1o kogy KATPAHI. B mpouecce HarpeBa CKOpPOCTh
nedopMaluy yBeITUYHUBACTCS HA HECKOJIBKO MOpsakoB. Ha rpaduke oTueTnMBO BUAHO, YTO
IpH U3MeHEHnH Temmeparypsl Tpyo ot 500 1o 600 °C ckopocTh aedhopMalyy yBEIHIMBAETCS
Oonee yem B AecaTh pa3. Crman TemmepaTyphl MOcCe JOCTHXKEHUS MaKCUMyMa MPHUBOIUT K
PE3KOMY CHIDKEHHIO CKOpPOCTH Jedopmanuu. Takum o0pa3om, Ooiblias 9yBCTBUTEIBHOCTh
CKOpocTH JedopManud K HW3MEHEHHI0O TEMIEpaTypbl CTaBUT JOCTATOYHO >KECTKUE
TpeOOBaHUS K NOTPELIHOCTH pacyeTa TeMieparypsl Tpyo TK.

ITocne pacuera ckopocTH nedopMmalu onpeaensercs nepopmanus Tpyo KaHaJIOB pa3HOU
momHocTH. Ha Puc. 4 mokazaHo yBenWdeHHWE OTHOCHUTEIILHOW OKpPY)XHOH nedopmanun
KaHaJIBHBIX TpyO0 B IIpollecce aBapuUHHOIO HAarpeBa, PacCUYUTAHHOE C IOMOIIBIO KOja
KATPAHI. MakcumanbHasi OKpy»KHasi OTHOCHTeNbHast aegopmanus 3,2% momydeHa uist
Tpy6 TK Haubomnbmieit momuoctu 2,90 MBT (Bepxnsist kpuBas Ha Puc. 4) nmpumepHo uepe3
MHUHYTY TOCJIe TOCTH)KEHUS MaKCHMyMa Temreparypbl. B nmampHeimem poct nedopmanuu
IpeKpalaeTcss M3-3a Pe3KOro CHIDKEHHUS CKOPOCTH Ae(opMaluy, BBI3BAHHOTO IaJCHUEM
Temneparypsl. JJoCTUTHYTast IpU JaHHBIX aBapUHHBIX YCIOBUSAX MaKCHMaJbHAs IedopMarius
TpyO Onn3ka K TNPOEeKTHOM BenuuuHe 3azopa ~3,5% B cucreme tpyba TK — KTK —
rpa¢uToBbie 0s10KU. Takum 0O6pa3zoM, TpyObl KaHAJIOB MaKCUMAaJIbHONH MOIIHOCTH HPETepIsT
JIOCTATOYHO OOJIBIIYIO TUTACTHYECKYIO JedOopMaIiio, YTO MOTPEOYET UX 3aMEHBI, HE3aBUCUMO
OT COXpaHEeHHs X IeJocTHOCTH. [lepopmarus TpyO KaHAIOB MEHbIIEH MOIIHOCTU (BIUIOTH
no 3HaueHus 2,60 MBt) mnpesbicut 0,5%, uro Oousbllie BeIHYUHBI JedopMaluu,
COOTBETCTBYIOIIEH YCIOBHOMY mpezeny TekydecTd marepuana Tpyo TK. Taxum obGpazom,
MOKHO YTBEP)KJaTh, UTO BCIEJACTBUE aBapuitHOro neperpesa Tpyosl TK momHoCTEIO OT 2,60
10 2,90 MBT 6yayT cymiecTBeHHO Ae(pOpMUPOBaHBI B IJIACTUYECKON OOJIACTH.
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Puc. 3. NameHeHne ckopocTu oTHocuTenbHon aecdopmaumm Tpy6 TK pasHbix rpynn
MOLLIHOCTM NpW YacTUYHOM pa3spbiBe PI'K
Fig. 3. Change in time of PT strain rate of different power groups at DGH partial break
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Puc. 4. YBenuueHue otHocuTenbHon aedopmauun Tpyd TK pasHbIx rpynn MOLLHOCTY Mpu
YacTuyHom paspbise PIK
Fig. 4. Change in time of PT strain of different power groups at DGH partial break

Kak crnemyer W3 mpeacTaBIEHHBIX pe3yJbTaTOB pacueTa, pa3pbiBa TPyO TOIUIMBHBIX
KaHaJ0B MaKCHUMaJIbHOM MOIIHOCTH TIPH 3aJaHHBIX aBapHUITHBIX YCJIOBUAX HE mpou3onaer. To
’K€ CaMO€ MOKHO CKa3aTh U O KaHajlaX MEHbIIIEH MOITHOCTH.

Ounenka kpurudeckoii tTemneparypsl Tpyd TK

Hapsiny ¢ npoBeaeHHOMN OLIEHKOW HETOCTHOCTH MPH 3aJaHHBIX aBapUHHBIX YCIOBUSIX KO
KATPAH]1 no3BonsieT onpenesnTh KpUTUYECKOE 3HAYCHHE TeMIepaTyphl KaHAIbHBIX TPYO,
OPUBOJMAIICE K MX paspelBy IpPU 3aAaHHOM JaBiacHUM. C LEIpl0 ONpEeNeicHHs TaKou
KPUTUYECKON TeMmepaTypsl Ipu yacTudHoM paspsiBe PI'K mposenen pacuer aedopmanuu u
paspyenus TpyOsl TK mpu yciioBuH, 4To AaBIEHUE COXPAHAETCS Ha yPOBHE, ONPEIEICHHOM
rpa¢pukom Ha Puc. 1, a Temmeparypa TpyObl 3ajaeTcsi BBIIIE MaKCUMaJIbHOW PacyeTHOM
TeMIeparypsl (Bepxuss kpusas Ha Puc. 2) na 50 °C.

Pacuer mnpoBemen s ycnoBuii cBoOomHoro aedopmupoBanusi Tpyost TK 06e3
B3aUMOJICUCTBUS ¢ TpaduToBOol KojmoHHOW. Ha Puc. 5 mokazaHo m3mMeHeHHue OTHOCUTEIBHOMN
OKpY>XHOM aedopManu KaHaJIbHOW TpyObl. MakcumanbHas pacueTHas naedopMmaius B
JAHHBIX YCJIOBHUAX MpeBbICUT BennuuHy 13%. IIpoBeneHHas olLieHKa IEJIOCTHOCTH TPYOBI B
JAHHBIX YCJIOBUSX IIOKA3bIBAa€T, YTO €€ pa3pblB INpou3oiiner Ha 362-0i cexkyHae mpu
temneparype T,,=567 °C u nasnenuu p=3,6 MIla. Beanunna okpyxHoi nedopmanuu mpu
3TOM cocTaBUT £¢=13%. [Ipu 3TOM HEOOXOAMMO OTMETHUTB, YTO Pa3pbIB TPYOBI MPOU3OUIET
y)K€ Ha CTaJuu CHWKCHHUS €€ TEeMIIepaTypbl, KOrJa HHTEerpaibHas naedopmanus TpyOsl
MIPEBBICUT IOy CTUMBIE TIPEACIBI.

Takum 00pa3oMm, MOXHO CHeJaTh BBIBOJ, YTO TOBBIINICHHE MAaKCHMAaJIbHON pacueTHOMN
temneparypbl Tpyosl TK Ha 50 °C MokeT BBI3BaTh €€ paspyiieHne. Bmecre ¢ TeM, MPOYHOCTH
rpaduTOBBIX OJIOKOB B JAaHHBIX YCJIOBHSX MOXET OKa3aThCsA JOCTATOYHOW, YTOOBI
rapaHTUPOBATh COXPaHEHHUE IIEIOCTHOCTH KaHAJIBHOM TpyObI Mocie ee mocaaku Ha TpadurT.
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Puc. 5. YBenunueHnune oTHocuTenbHoN gedopmaumm Tpyoesl TK MakcumanbHom TemnepaTypbl
Fig. 5. Increase of PT strain at maximum temperature

BriBOaBI

C ucnons3oBanuem koga KATPAHI npoananusupoBano nedopMalOHHOE MOBEACHUE
Tpy®6 TK pa3HOil MOIIHOCTH NMpu aBapuiiHOM HarpeBe. B KkauecTBe TpaHUYHBIX YCIOBUH
UCIIOJIB30BaHbl  PE3yJIbTaThl pacueTa TEIJIOTHAPABIMYECKUX IIPOLECCOB B  KOHTYpE
MUPKYJIAIUY TTpH YacTUYHBIX pa3peiBax PI'K, BemmonnenHsie mo koaxy RELAPS/mod3.2.

MaxkcumanbHasi OKpy>KHasi oTHocuTenbHas aedopmarust 3,2% mnomydena anst tpyo TK
HanOoubeld MomHOCTH 2,90 MBT npumepHO uepe3 MUHYTY MOCTE JOCTHKEHHSI MaKCUMyMa
Temneparypsl. B nanpHeimem poct nedopmaiuy mpeKpamaeTcst U3-3a Pe3KOro CHIKEHHS
temriepatypsl TpyO. Jedpopmanus TpyO kanamoB MeHbIel MomHocTH (10 2,60 MBT) Takke
IPEBBIIIACT YCIOBHBIH Mpeen TeKyuecTn Matepuana tpyo TK.

[IpoBeneHHas OlEHKA MEIIOCTHOCTH KaHAIBHBIX TPYO MOKa3bIBAET, 4To pa3phiBa Tpyd TK
MaKCHMaJbHOW MOIIHOCTH IpPH 33JaHHBIX aBapUUHBIX YyCJIOBUAX HEe npoucxoaut. [lpu
YCJIOBUH TIOBBIIEHUS Temrieparypbl Tpy6 Ha 50 °C OT JOCTHIHYTOr0 MakCHMyMa BO3MOYHO
uX paspyleHue 0e3 ydera CONpOTHUBICHHS IpadUTOBBIX OJIOKOB. BMecTe ¢ TeM, MpOYHOCTH
rpauTOBBIX OJOKOB B JAHHBIX YCIOBUSAX OKa3bIBAETCS JOCTATOYHOM, YTOOBI rapaHTUPOBAThH
COXpaHEHHE IEJIOCTHOCTH KaHAJTLHOU TPYyOBI Iociie ee MOCaAKH Ha Tpadur.

Ha ocHoBe nmpoBeAeHHBIX pacYeTOB MOKHO CAEJIATh BBIBOJI, UTO YaCTHUHBIA pa3pbiB PI'K,
o0ecreynBaroInil TOCTH)KEHNE MaKCUMAJIBHBIX TeMIepaTyp 000JI04eK TBAJIOB UM KaHAIbHBIX
TpyO Ha HavaJBLHOM dTalle aBapuu, He MpUBOAUT K paspymenuto Tpyd TK mannoro PI'K mon
JIEMCTBUEM BHYTPEHHETO JaBJICHUs [IPU MTOBBILICHHBIX TEMIIEPATYpax.

1 Novoselsky O.Yu., Filinov V.N.. Computational Assessment of RBMK Pressure Tube
Rupture at Accident Heating// Transac. of the International Information Exchange Forum
on Analytical Methods and Computational Tools for NPP Safety Assessment, Obninsk
(Russia), 8-12 September, 1997.- Washington (USA), 1997.- V.I1.- P.562-576.

2 Hosocenbsckuit O.10., ununos B.H. Kpurepuu paspyuienus TpyO TONIMBHBIX KaHAJIOB
PBEMK nipu aBapuiiHoM HarpeBe//AtomHas sHEprus.- 1997.- T.82, Bpim.4.- C.277-282



PacueT aAedopmMaum U LUeriIoCTHOCTU TOMNJIUBHbIX
kaHanos PBMK npu yactuuHbix paspbiBax PIK ¢
ucnonb3oBaHuem koga KATPAH1

Calculation of Deformation and Integrity of
RBMK Pressure Tubes at DGH Partial Break
Using KATRAN1 Code

O.FO.HoBoceasckuii, B.H.®uAannos
O.Yu.Novoselsky & V.N.Filinov
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ABapuu, cBA3aHHble CO CHMXXeHUuem
pacxoaa unu BCnJj1eCKOM MOLLHOCTMU:

 Harpes 1py0 TK BbIllIe TeMIepaTypbl Ha4YaJjia
BA3KOILJIACTHYECKOI0 Ae(pOpMHUPOBAHUA

 Hanuuue cymiecTBEHHOI0 mepenajaga
NABJICHHA HA TPY0AaX KaHAJIOB

IIpoOaema: JIluHaMuyecKuid pacyeT BbICOKO-
TeMIepaTypHou AedopManu U pa3spyuieHUs
Tpy0 TK B npeaesax akTUBHOM 30HbI

03.11.00



KATPAH1 - kog ona pac4yeta gecdopmauum u
pa3pyweHusa Tpyo TK npun aBapmnHOM HarpeBe

 Pemraercst oceciMMeTpHYHAS 3a/1a4a
BA3KOILJIACTHYECKOI0 Ae(pOpMHUPOBAHUA
TPYObI MO AaBJICHHUEM B YCJIOBUAX
OTHOPOHOI0 IMOJII TeMIIepaTyp

* YYHUTBIBACTCHA COBMECTHAA aedopManus
KAaHAJbHON TPYObI ¢ rpadUTOBOM KOJOHHOHU

e Oo0uaacTtb npuMenenus koga: 300-1000 °C;
0,5-8 MIla; no 50 K/c

03.11.00



MeToauka pacdeta no koay KATPAH1

 UcxoaHasa mHpoOpMANMSA - THHAMHKA
TeMieparypsl TPYObl  gaBjeHus B TK

 Pacuer ckopocTH AeopManium Mo
YPABHEHUSAM BbICOKOTEMIIEPATYPHOU
oJ3yuecTu aJas cnjaasa Zr+2,5%Nb

 Pacuer HAC TpyOBI, OllEHKA €€ 1eJOCTHOCTH

* Pacuer paspyumieHusi rpapuTOBbIX 0JIOKOB

03.11.00



PacueT ckopocTtu aedopmauum KaHaribHbIX
Tpy6 PBEMK npu aBapunHom HarpeBe
450-850 °C:
7 __18 —(0,/R
0,/R . 5,7-10" o, exp[ ( /%W}

o j {1+2-lolojexp[_(@/]%w}dr}o,n

o 35-10°c 1 exp[_(Q5/]y }
) 1+274jexp[ QJR/} _1105) " dx

O, - TEKYILIEE 3HAYCHUE OKPYKHOTO HanpspkeHus (MlIla);

T, - Texymee 3HaueHue temneparypsl TpyOsl TK (K);

O/R - npuBeIeHHbIEC 3HAUEHUS YIHEPTUH aKTUBALMH noj3yyecTH (K);
T, - Bpems nipu 1, =700 °C, 7, - npu 7, =850 °C,7 - Bpems nporuecca

£, =13-10"0, exp(—

850-1200 °C:

£, =10,40,” exp(

W




(D0) MoAdL edArLedonnay,

800

- — 400
300
40

S MlIla; Twp

9

=6
Bpewms (¢)

U3MEPpEHHUE

Jed opmanus

~
-
&
-
=
>
92)
=
=
=
=
=
=
=
>
-
S
=1
-
=
=
<>
e
=
&
=
=
)
==
-
—
X
&
3]
=

0.4 —

L0
o

(narypHas Tpyoa TK;

BUITeNdo ()oY KBHIIrOLUOOHL()




(D0) MoAdL edArLedonnay,

~

w

)

)
- __nw.. =
- <
w o o
= O 3
2 o
= £ A e
= __P *
- 2
= m
=T T
> =
- -
S =~ I 32
D e w
= e | =
= o2
P r = ===
2 oo | ©8
1- e
CT Z =
= S s 5 &
Y= 5 2 o - 1- - - _ L N R
2> S 8 | | | |
R & A S0 N | o
% = & | | | N
MM a - - - - -1 - "I X T
A, = | | | | o

=y AN Y B O B B

>

= © 0 < ™ N o Q

< o o o o o o o

(H\ Bul1enwdo o EBHILQLUOOHL()




)
n (Do) oAdr edAredormma],
= o
= __nw 3
5
% e
>
= <
S W -
= i
UM W..
= &
i
= = ~
< &
2l | 5
K :
>~
o |l =
o
m.a -
= =
o b= =
oy
2 3 =t
BﬂO 2
ﬂ W 2 | |
n..“_L.. = N | | |
< = | | |
A5 | | | |
2 8 ] =2 2 8 8
= o o o o o o
\ —

BUITeNdo ()oY KBHIIrOLUOOHL()




~
-
&
-
=
>
92)
=
=
=
=
=
=
=
>
-
S
=1
-
=
=
<>
e
=
oL
=
=
)
==
-
—
X
&
3]
=

873 °C; £,,=0,40)

(mogean Tpyosl TK; p=1,0 MIla; T Wp

(D0) MoAdL edArLedonnay,

o (@) o o o
o O o (p] (@)
(@) N (o] <t (49
_ _ _ _ _ _ _
| |
\\\\\\\\\\\ |- = - b
| 2 |
_ . Q. _ "= R
f ()
- S . e
| | |
I i B
[ I N\ (R R i | I
fW | |
- T T I~\ T — I — —
| | |
| | |
- = = == — =\t - = — = — =
O
=
m wf |
T “““““““ -—
5 2 g | |
s o 3
- e
E |
& | | |
N ] - |
| | |
I | I | I | I
< ™ N A Qo
o o o (@) o

BUITeNdo ()oY KBHIIrOLUOOHL()

60 90 120 150 180
Bpewms (¢)

30




OueHka uenoctHocTu Tpyo TK

 TeMmeparypHbIA KPUTEPUH - 3ABUCUMOCTH
TeMIeparypbl pa3pbiBa OT J1aBJICHUA

e JlehbopMallMOHHBbIM KPUTEPUH - 3aBUCUMOCTD
negopmanuu pa3poiBa ot K, ,

 CW10BOM KpUTEPUH - 3ABUCUMOCTD
HaNnpsKeHUH pa3poiBa oT K,

e JHEepPreTHYEeCKUM KPUTEPHUM - 3aBUCUMOCTD
MOIIIHOCTH Pa3pbIBHON AedopManium OT
TeMIeparypsbl

03.11.00



OueHka uenoctHocTu Tpyo TK

TemnepaTypHbIV KpUTEPUN pa3pyLLUEHUSA:

uy<1 K/c: T,,=796,4.p-0%88

u,>1 Kie: T,,=979,4.p013%
[dedopMaLMOHHbIN KpUTEPUU paspyLLEeHNs:

ur<I K/c: ,—0,0407 +0,41194-InK |

ur>1Ke: £,=-0,4419 +1,5164-10"-K,, , - 5,8036-10">-K,
CunoBon KpUTeEpUN paspyLLUEeHnS:

u,<1 K/e: 0;,,=25105-K,, ;0%

uy>1K/e: 0,=23953-K,, ;7 %-7%

JHepreTUyecknin KpUTEPUN paspyLLEHUS:

600 °C<T, <780 °C: j, =~ 8,58388-107+ 7970617, — 3079,41-T,2+6,336043 T, 3 -
~7,322469-10-T #+ 4,506571-106-T 5 — 1,15385-10°-T 6

780 °C<T, <1050 °C: j, = 9,00264-107 - 581258,59-T, + 1561,12-T,2-2,23237-T, % +
+1,7925482-103-T, #— 7,6633326-107-T, 5+ 1,362675-10-10-T 6 |}

03.11.00



MeToOouKa pacyeTa XpynKkoro paspyLlieHus
rpracdomnToBbLIX OJTOKOB

* OneHKa BOSHUKHOBEHHS TPCIIMHBI HA
BHYTPEHHEH MOBEPXHOCTH OJIOKOB 110
[peaeJbHOMY JTaBJICHHUIO

 Pacyer 3BOJIIOIIMA HECKBO3HOM MOBEPXHOCTHOU
TPEIUHbI B rPAa(UTOBOM 0JI0OKE

* Paspyiuenue 0JI0KOB IPH NMPOHUKHOBEHUH
JABYX THAMETPAJBbHO NMPOTHUBOIOJI0KHBIX
TPEUMH HA 3aIaHHYI0 IJTyOUHY

03.11.00
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IIpumep pacyera o kony KATPAHI1. Yactuunsbiii pa3psiB PI'K.

Cpeanee nasjenue o Bbicore TK (pacuer mo RELAP5/mod3.2)

o

JlaBnenue (Mlla)
o1

B

0 120 240 360 480 600
Bpewms (¢)




IIpumep pacuera nmo kony KATPAHI1. YacTtuunsiid paspsiB PI'K.

Temneparypa Tpyd TK pa3noit momHocTH (pacuer mo RELAPS/mod3.2)

700 ‘
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IIpumep pacyera o kony KATPAHI1. Yactuunsiii pa3psiB PI'K.

Hedopmanus tpyd TK pasnoit momnocTH (€5"=3,2%)

4E-2
MomuaocTh TK

\
2,90 MBt ‘ ‘ ‘
\

3E-2 —

2E-2 —

OtHocurenbHas ae ¢ opmaliys




Yacruunbiii pa3peiB PI'K. /ledpopmanus Tpyosl ¢ MAKCUMAJIbHOMN

OtHocurenbpHas ae ¢ opmaliys

Temneparypoii (p,=3,6 MIla; T, =567 °C; £,,=13%)

0.16

Morimsocte TK

2,90 MBt

700

TemmepaTypa Tpyos (0C)
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HanpaBneHusa passutua koga KATPAH1

CoBeplHIeHCTBOBAHME PACYETHBIX MO/AeJIeH
nedopmanuu v paspymenus Tpyo TK u
rpapuTOBLIX 0JIOKOB

Ilepexoa K MHOTOMEPHOM MOJEIH
aedopMani KaHAJIbHOU TPYObI

Bepudgukanus Koaa Ha pe3yJbTrarax
IKCIEPUMEHTOB € IITATHLIMHU TPyOamMu TK

NHTEerpamnus Koaa B KOMINIEKCHBIM KO 1JI
pacuera Tskeabix apapuu Ha PBMK

03.11.00
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